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Abstract
Purpose The purpose of this study is to compare the surgi-
cal and imaging outcome in children who underwent brain
tumour surgery with intention of complete tumour resection,
prior to and following the start of intra-operative MRI
(ioMRI) service.
Methods ioMRI service for brain tumour resection com-
menced in October 2009. A cohort of patients operated
between June 2007 and September 2009 with a pre-
surgical intention of complete tumour resection were select-
ed (Group A). A similar number of consecutive cases were
selected from a prospective database of patients undergoing
ioMRI (Group B). The demographics, imaging, pathology
and surgical outcome of both groups were compared.
Results Thirty-six of 47 cases from Group A met the inclu-
sion criterion and 36 cases were selected from Group B; 7 of
the 36 cases in Group A had unequivocal evidence of
residual tumour on the post-operative scan; 5 (14 %) of
them underwent repeat resection within 6 months post-
surgery. In Group B, ioMRI revealed unequivocal evidence
of residual tumour in 11 of the 36 cases following initial
resection. In 10 of these 11 cases, repeat resections were
performed during the same surgical episode and none of

these 11 cases required repeat surgery in the following
6 months. Early repeat resection rate was significantly dif-
ferent between both groups (p=0.003).
Conclusion Following the advent of ioMRI at our institution,
the need for repeat resection within 6 months has been
prevented in cases where ioMRI revealed unequivocal evi-
dence of residual tumour.

Keywords Complete resection of tumours . Intra-operative
magnetic resonance imaging . Paediatric brain tumour

Introduction

Intra-operativemagnetic resonance imaging (ioMRI) is increas-
ingly gaining recognition in the management of brain tumour
resection. Its feasibility and safety has been well established in
adults and children [3, 6, 8, 10, 12]. The extent of brain tumour
resection is an important prognostic factor in the paediatric age
group. We have demonstrated an increase in the rate of com-
plete resection in our initial experience using a high field
strength (3 T) ioMRI facility at our tertiary level paediatric
neurosurgical centre [3]. There is however, limited published
evidence on its efficacy when compared to conventional brain
tumour resection performed without the aid of ioMRI. To date,
there is one randomized controlled study by Senft et al. [16] that
has demonstrated greater rates of complete tumour resection in
adults with gliomas. Randomized controlled trials in the paedi-
atric brain tumour population are not possible, given the ethical
and logistical difficulties involved. A retrospective comparative
study is an alternative but published evidence remains limited
in adults and children [17, 19]. Variability of surgical intent
(biopsy, partial resection, complete resection) prior to resection
can compromise the accuracy of comparison in assessing the
utility of ioMRI. In the current study, we wish to compare the
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rates of early repeat resection within 6 months in patients with
and without ioMRI-aided surgery where complete tumour re-
section was intended.

Methods

Patient selection and study design

The ioMRI facility has been fully functional at our institution
since October 2009. The inclusion criterion was paediatric
(0–18 years) brain tumour cases where complete tumour resec-
tion was intended. The decision of complete resection was
made at the pre-operative neuro-oncology multidisciplinary
meeting based on the imaging, clinical findings and tumour
histology where available. Cases from the conventional surgery
group (Group A) that met the inclusion criterion were selected
for the study from a cohort of patients operated upon between
2007 and September 2009. This cohort of patients was selected
from an independent audit study evaluating the accuracy of
MRI reporting, approved by the audit department of our insti-
tution. An identical number of consecutive cases that met the
inclusion criterion were selected from a prospective database of
ioMRI cases maintained since October 2009 (Group B). This
data was collected as part of service evaluation as approved by
the research department of our institution. Variables that were
reviewed included patient demographics, location of the tu-
mour (supratentorial or infratentorial), pathological diagnosis,
MRI scan findings on the intra-operative (Group B), post-
operative and early follow-up scans and repeat resections
performed within the initial 6-month period.

MR Imaging methods

All the MRI scans in Group A were performed on a Philips
Achieva® 1.5-T scanner. The pre-operative scans in Group
B were performed either on the 3-T scanner or a Philips
Achieva® 1.5-T scanner. The ioMRI and post-operative
follow-up scans in Group B were performed on a 3-T
scanner. The pre- and post-operative imagings were
performed according to the United Kingdom Children’s
Cancer and Leukaemia Group (CCLG) radiology guidelines
[4]. The ioMRI scan protocol complemented the CCLG
protocol with T2-weighted turbo spin echo sequences (T2-
TSE) in sagittal and coronal planes in addition to the stan-
dard axial plane. T1-weighted isotropic 3-D gradient-echo
(T1-TFE) sequences were obtained pre- and post-contrast
medium administration instead of the standard T1 spin echo
sequences. Details of our ioMRI setup and scan parameters
have been published previously [1, 3]. In Group A, the
immediate post-operative scan was performed 24 to 48 h
following surgery. In Group B, the final ioMRI scan served
as the post-operative scan. Timing of the subsequent follow-

up MRI in both groups was based on the tumour histology
and associated management protocols.

Image Evaluation

The ioMRI scan findings were based on evaluation performed
in consensus by the radiologist and the neurosurgeon during
ioMRI acquisition. The post-operative MRI was reviewed by
the lead paediatric neuroradiologist (SA) independently on a
GE PACS station and the clinical data was reviewed by the
lead paediatric neurosurgeon (CM). The foci of signal abnor-
mality or areas of contrast enhancement that were identical to
the signal or enhancement characteristics of the tumour as
defined by the radiologist and neurosurgeon on the pre-
operative imaging were identified as residual tumour. Thin
rim of enhancement along the surgical cavity or outside the
pre-operative margin of enhancement was regarded as surgi-
cally induced contrast enhancement. In cases where it was not
possible to distinguish residual tumour from surgically in-
duced change, the scan was regarded as equivocal for residual
tumour.

Decision for repeat resection

In Group A, the decision to re-operate was made based on
the histology, evidence of residual tumour on the scan
performed 24–48 h post-surgery or evidence of disease
progression on the subsequent follow-up scan. In Group B,
ioMRI was performed to evaluate for evidence of residual
tumour. The decision to extend resection was based on the
unequivocal evidence of residual tumour on ioMRI. In cases
where the ioMRI appearances were equivocal for residual
tumour, the surgical site was re-examined after updating
neuronavigation.

Statistical analysis

The demographic and clinical data were summarised using
standard descriptive statistic methods (mean, standard devi-
ation, percentages). Statistical analysis of the two groups
was performed on SPSS software version 20.0. The statisti-
cal analysis was performed using student’s t test for contin-
uous variables and chi-square test or Fisher’s exact test for
categorical variables where appropriate. A p value<0.05
was considered to be statistically significant.

Results

Comparison of demographics and pathology

Thirty-six out of 47 cases from the conventional group
(Group A) met the inclusion criterion, i.e. complete surgical
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resection was the intended surgical aim. Thirty-six consec-
utive cases that met the inclusion criterion were selected
from the ioMRI group (Group B). Comparison of the mean
ages and sex ratio showed no significant difference between
both groups and location of the tumour in relation to the
tentorium was not significantly different in either group
(Table 1). Surgical resection was carried out by one of five
consultant neurosurgeons, with the majority of the surgical
procedures carried out by the lead neurosurgical consultant
(CM) for neuro-oncology (Group A—23; Group B—25).

The pathology results in both groups are summarised in
Table 2. The majority of the tumours in both groups were low-
grade tumours (WHO grade I and II). Among the low-grade
tumours, pilocytic astrocytoma was the most common pathol-
ogy with 12 cases in either group. Primitive neuroectodermal
tumours were the most common among the high-grade tu-
mours (WHO high-grade III/IV) with four in Group A and
three in Group B. One child with a frontal lobe vascular
malformation has been included, as the surgery was
performed for a suspected brain tumour, based on the pre-
operative imaging.

Surgical outcome

There was evidence of complete resection in 20 (56 %) of
the 36 cases in Group B on the first ioMRI scan. This was
not statistically different (p=0.93) from Group A where 24
(66 %) of the 36 cases showed evidence of complete resec-
tion on the immediate post-operative scan (Table 3). There
was unequivocal evidence of residual tumour in seven cases
in Group A and ten cases in Group B. Nine of the 10
patients in Group B underwent further resection following
the first ioMRI scan. In one patient, further resection was
not performed as no obvious residual tumour was visible on
surgical re-exploration following ioMRI (after updating
neuronavigation). Follow-up MRI scan in this patient
showed gradual reduction at the site of abnormal contrast
enhancement over the following 1 year [3]. None of the ten
patients required further resection in the following 6 months.
Five of the seven patients (14 %) in Group A underwent
further surgical resection. Two of these cases (anaplastic
astrocytoma and ependymoma) had repeat surgery within
2 months and three cases with pilocytic astrocytomas had
repeat surgery within 6 months after follow-up scans that

showed evidence of disease progression. The remaining two
(of the seven) cases with atypical teratoid rhabdoid tumour
and pituitary adenoma received chemotherapy and radiother-
apy, respectively, for their residual disease. The difference in
early repeat resection rates (within 6 months) between
both groups was statistically significant (p=0.003) in cases
with unequivocal residual tumour (Table 3 and Fig. 1). Two
case examples from Group A and B, respectively, are shown
in Fig. 2.

Among five cases in Group A and six cases in Group B,
the scans were equivocal for the presence of residual tumour
as it was not possible to differentiate oedema or surgically
induced contrast enhancement from residual tumour. The
number of scans equivocal for residual tumour on the
post-operative MRI in Group A and first ioMRI in Group
B were not statistically different (p=0.107). In Group B, two
cases with equivocal scans required repeat surgery within
6 months. One 16-month-old boy with anaplastic
ependymoma involving the right temporal lobe demonstrat-
ed equivocal findings on ioMRI as the tumour was non-
enhancing and almost isointense to the adjacent brain pa-
renchyma. Further immediate resection was performed fol-
lowing the first ioMRI. The second scan remained equivocal
for residual tumour. The patient was started on chemother-
apy and follow-up MRI performed after 10 weeks showed
evidence of progression requiring repeat surgery (Fig. 3).
The second case was a 4-year-old boy with a pilocytic
astrocytoma whose ioMRI showed minimal enhancement

Table 1 Comparison of patient demographics

Variable Group A Group B p value

Age in years, mean (SD) 9.47 (±4.76) 9.43(±5.54) 0.297

Sex (male/female) 16:20 20:16 0.889

Location (supratentorial:
infratentorial)

14:22 18:18 0.9

Table 2 Comparison of pathology

Pathology Group A Group B

Grade I/II 28 27

Pilocytic astrocytoma 12 12

Other low-grade gliomas 3 9

Ependymoma (grade II) 5 4

Pituitary adenoma 2 1

DNET 1 0

Craniopharyngioma 2 0

Choroid plexus papilloma 1 0

Ganglioglioma 1 0

Schwannoma 1 1

Grade III/IV 7 8

PNET 4 3

ATRT 1 1

Anaplastic ependymoma 1 3

Anaplastic astrocytoma 2 0

Others 1 1

Pineal papillary tumour 1 0

Vascular malformation 0 1

DNET dysembryoplastic neuroepithelial tumour, PNET primitive
neuroectodermal tumour, ATRT atypical teratoid rhabdoid tumour
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along the surgical margin that was thought to represent post-
surgical contrast enhancement as there was no evidence of
tumour on direct visualisation. Follow-up imaging at
3 months revealed an enhancing mass at the primary site
suggesting progression of residual tumour requiring repeat
tumour resection. The cases in Group A with equivocal
scans showed stable or resolving post-operative findings
on follow-up imaging.

Discussion

Value of ioMRI in paediatric brain tumour resection

It is well established that extent of resection is an important
prognostic factor in children with high-grade glioma, me-
dulloblastoma and ependymoma [2, 15, 21] and low-grade
tumours such as pilocytic astrocytomas [5]. ioMRI can

Table 3 Summary of results
indicating the surgical outcome
after initial surgery and need for
further surgery within 6 months

NA not applicable

Value in italics show a statistically
significant result

Group A Group B p value

Total number of cases 36 36

Complete resection 24 (66 %) 20 (56 %) 0.935 (chi-square test)

Equivocal for complete resection 5 (14 %) 6 (17 %) 0.107 (chi-square test)

Unequivocal residual tumour 7 (20 %) 10 (27 %) 0.693 (chi-square test)

ioMRI-guided immediate resection NA 10 (27 %) –

Further surgery within 6 months

Cases with unequivocal residual tumour 5 (14 %) 0 0.003 (Fisher’s exact test)

Cases with equivocal scans 0 2 (6 %) 0.273 (Fisher’s exact test)

Fig. 1 Flow chart illustrating the post-operative outcome in both groups with emphasis on the cases with unequivocal evidence of residual tumour
after the initial MRI scans
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influence the extent of tumour resection by helping identify
residual tumour and providing imaging data to update
neuronavigation, compensating for inaccuracies caused by
brain shift. In our previously reported initial experience,
ioMRI has modified the surgical strategy in 32 % of the
tumour resections [22]. The reported rates of extended sur-
gical resection after ioMRI vary between 27.5 and 60 %
[8–10, 12, 14, 18]. There are however, a limited number of
published studies that compare the efficacy of ioMRI-
guided neurosurgery to that of conventional surgery. A
randomized controlled study will be an ideal method in
establishing the effectiveness of ioMRI but would pose a
number of ethical and logistical challenges especially in the
paediatric brain tumour population. In a retrospective com-
parison study of adults with glioblastoma multiforme, Senft
et al. showed significantly higher complete tumour resection
rates in the ioMRI group when compared to conventional
surgery [17]. A subsequent randomized control study by
Senft et al. [16] evaluating glioma resections in the adult
population showed increased complete resection rates in the
ioMRI group compared to conventional surgery (96 vs.
68 %, p=0.023). The only paediatric comparison study to
date by Shah et al. [19] comparing 42 ioMRI-guided re-
sections with 103 conventional resections in children

showed greater number of early resection rates (within
2 weeks) in the conventional group (7.7 vs. 0 %, p=0.06,
one-tailed test). Our study has shown higher early resection
rates (within 6 months) in the conventional group compared
to the ioMRI group (14 vs. 0 %, p=0.003) in patients where
there was unequivocal evidence of residual tumour on the
immediate post-operative imaging or the first ioMRI. This
study therefore suggests that ioMRI is beneficial in preventing
early repeat surgery in cases where there is clear evidence of
residual tumour after initial surgical resection. The compari-
son study by Shah et al. excluded patients less than 18 months
of age and included surgical procedures in non-neoplastic
disorders such as epilepsy [19]. The current study is specific
to brain tumour surgery and includes the entire paediatric age
range (2 months to 19 years).

Has ioMRI influenced surgical strategy?

In our earlier publication, we have shown that ioMRI had
led to extension of tumour resection and had altered surgical
strategy in 32 % of the patients [22]. The wide variation in
the reported rates of extended resection after ioMRI creates
an impression that intra-operative imaging may be under-
taken earlier than intended simply due to its availability. To

Fig. 2 Case examples fromGroup A (a–c) and Group B (d–g). Contrast-
enhanced T1-weighted scan reveals a heterogeneously enhancing tumour
involving the right temporal lobe (a). Post-operative scan 24 h following
surgery (b) revealed a residual enhancing component (white arrow). The
lesion was confirmed as an anaplastic astrocytoma on pathological anal-
ysis and a repeat resection was performed 2 weeks later (c). Sagittal
contrast-enhanced T1-weighted (d) and axial T2-weighted (e) scans

reveal a lesion in the inferior vermis with two enhancing components.
T2-weighted scan on the first ioMRI revealed residual tumour along the
posterior wall of the surgical cavity (black arrow). The residual abnor-
mality was subsequently resected (open arrow) as shown on the second
ioMRI (g). Both resection samples showed tumour tissue compatible with
pilocytic astrocytoma on pathological analysis
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evaluate this, we compared the rates of complete resection
on the post-operative MRI in Group A and on the first
ioMRI scan in Group B (performed after neurosurgical
impression of complete resection)and found no statistically
significant difference between both groups (Table 3)
suggesting that ioMRI did not influence the initial complete
resection rates in our institution. We intentionally excluded
cases where partial tumour resection was intended as it is
often difficult to quantify the surgical aim in this group. In
our initial experience, 41 % of cases where partial resection
was intended underwent further resection following ioMRI.
These were often large central chiasmatic/hypothalamic le-
sions where a staged procedure with a limited ioMRI was
used to reassess the residual tumour tissue and update
neuronavigation [3, 22]. ioMRI has thus played varying
roles in the surgical management of brain tumours
depending on the size, location and the surgical intent.
With increasing use of ioMRI, it is possible that its use
can vary further depending on tumour characteristics, neu-
rosurgical and radiological expertise at different institutions.
The overall impact on paediatric brain tumour surgery is
likely to be safer and complete or adequate tumour resec-
tions that can improve prognosis.

Challenges involving ioMRI and need for further research

In this study, we classified scans as equivocal for the presence
of residual tumour when it was difficult to differentiate surgi-
cally induced contrast enhancement or peri-tumoural signal
abnormality from residual tumour. The number of equivocal
scans was similar in both groups (Table 3). Two children from
the ioMRI group required repeat surgery due to disease pro-
gression on follow-up imaging. In one case of pilocytic astro-
cytoma, contrast enhancement lining the surgical cavity was
thought to represent post-surgical enhancement. The phenom-
enon of surgically induced contrast enhancement is well rec-
ognized [7]. In our practice, the abnormal region is re explored
after updating neuronavigation and further excision or biopsy
is performed if there is evidence of residual tumour on direct
visualisation. With the exception of one case, the equivocal
areas of enhancement resolved or remained stable. In another
child with an anaplastic ependymoma, the absence of tumour
enhancement and similarity of signal characteristics of the
tumour and surrounding parenchyma made it difficult to ex-
clude small foci of residual tumour. These are rare tumours
that can pose challenges in interpretation. Advanced MRI
techniques can help in some situations and the 3-T MRI

Fig. 3 A 16-month-old boy with a solid/cystic tumour involving the
right temporal lobe. The solid component appears isointense to the
cortex on the axial T2-weighted (a), T1-weighted (b) scans and dem-
onstrates mild contrast enhancement (white arrow). It also appeared
isointense to the cortex on the FLAIR (not shown here). The first
ioMRI revealed residual tumour (black arrow) on the T2-weighted
scan (d). Following immediate repeat resection, there was no

convincing evidence of residual tumour on the second ioMRI (e,f)
and evidence of linear contrast enhancement along the surgical cavity
(small arrows). The appearances were equivocal for the presence of
residual tumour. Chemotherapy was commenced after a diagnosis of
anaplastic ependymoma was made and follow-up MRI 10 weeks later
revealed enhancing tumour tissue (open arrow) compatible with dis-
ease progression
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scanner is particularly helpful in these situations. Where fea-
sible, we have usedMR spectroscopy to evaluate the region of
signal abnormality for evidence of abnormal metabolites such
as choline (Fig. 4). Dynamic susceptibility contrast perfusion
imaging has also shown to be useful in interpretation of ioMRI
[20]. Diffusion-weighted imaging has to be interpreted with
caution, as diffusion abnormalities can also be contributed by
haemorrhage and surgery related ischemia.

The impact of costs vs. benefits on ioMRI

The cost of setting up and utilisation of an ioMRI facility is
substantial and can be difficult to justify particularly in a
paediatric neurosurgical centre. This can influence the de-
sign and equipment of an ioMRI set up, including the
strength of the magnet (high- vs. low field strength) type
of scanner (mobile ceiling mounted vs. fixed) and the
workflow (single vs. dual room). We had adopted a dual
room solution with a 3-T MRI scanner (fixed) which en-
abled independent use of the two rooms. Innovative use of
equipment and workflow, adapted to the needs of the indi-
vidual institution can help offset the costs incurred from an
ioMRI facility. The benefits of the dual room solution in our
institution have been discussed in detail in our previous
publications [1, 3]. Briefly, the independent use of the 3-T
scanner has helped generate income by adding clinical and
research capacity to our radiology department which was
equipped with a 1.5-T scanner. It has improved the quality
of advanced MRI imaging which include diffusion

tensor imaging, spectroscopy, functional MRI and arte-
rial spin labelling. We have adopted a flexible working
pattern that helps accommodate urgent scans and outpa-
tient scans on the day of an ioMRI-aided surgery. Good
communication between the surgical, anaestheic and
radiology teams is vital in avoiding delays in patient
transfer and preparation of the scanner. There are cost
benefits in avoiding early repeat surgery and early post-
operative scans traditionally performed 24–48 h post-
surgery, sometimes requiring general anaesthesia. The
dual room solution also enables the use of standard
surgical equipment making it cost-effective. Similar ben-
efits with a dual room solution has been reported by
other neurosurgical centres [11, 13] making this a more
cost-effective option in the current economic climate.

The retrospective nature of the study and the limited
number of patients are acknowledged. It can be difficult to
exactly match the case and control groups in a single neu-
rosurgical centre, given the relative rarity of brain tumours
in children but the two groups show similarity in demo-
graphic features, location and grade of tumours as shown in
Tables 1 and 2. All surgeons were of the consultant grade
and majority of the surgical resections were performed by
one lead neurosurgeon. Our study demonstrates a significant
change in surgical outcome in a single tertiary neurosurgical
centre after the advent of ioMRI. A multicenter study or a
meta-analysis in the future will throw more light on the
impact of ioMRI on paediatric brain tumour surgery and
the long-term outcome in these children.

Fig. 4 An 18-month-old girl
with an atypical teratoid
rhabdoid tumour. A T2
hyperintense tumour with
minimal contrast enhancement
(inset) is noted within the
posterior fossa (a). Single voxel
spectroscopy (echo time=144)
reveals a raised choline peak
(Cho) in relation to the creatine
(Cr) peak in keeping with
increased cell membrane
turnover. ioMRI (b) showed
T2 hyperintensity around the
surgical cavity (arrows). The
absence of elevated choline in
relation to creatine in the region
of interest suggested the
absence of residual tumour.
Follow-up imaging
following chemotherapy
showed no evidence of
residual/progressive tumour
at the primary site
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Conclusion

We have demonstrated a change in the surgical outcome
after the introduction of ioMRI with a significant reduction
in the number of early repeat surgeries in children undergo-
ing brain tumour surgery. Avoiding early repeat surgery has
clinical and cost benefits as well as emotional and psycho-
logical implications on the patients and carers. There are
challenges involved in the interpretation of ioMRI and ad-
vanced MRI techniques that are possible with high field
strength scanners can be helpful in appropriate situations.
Further research demonstrating the role of advanced MRI
techniques in ioMRI will be beneficial.

Conflict of interest The authors declare that they have no conflict of
interest.
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